The United Nations (UN) has identified 17 Sustainable Development Goals (SDGs) to tackle major barriers to sustainable development by 2030. Achieving these goals will rely on the contribution of all nations and require balancing trade-offs among different sectors. Water and food insecurity have long been the two major challenges facing China. To address these challenges and achieve the SDGs, China needs to safeguard its agricultural irrigation and water conservancy projects. Although China is making efforts to transition its agricultural development to a sustainable trajectory by promoting water-saving irrigation, a number of issues are emerging, both with policy reforms and technological innovations. Through synthesizing the historical development of agriculture and its relationship with policy and political regimes, this paper identifies four major issues that are challenging the sustainability transformation of China's agricultural irrigation system and water conservancy projects: (1) problems with financial policy coordination between central and local governments; (2) the lack of incentives for farmers to construct and maintain irrigation infrastructure;
Introduction
The United Nations' 2030 Agenda for Sustainable Development identified 17 global goals that integrate traditionally separated social, cultural, economic, and environmental targets into a unified plan of action for people, the planet, and wealth [1] . This set of Sustainable Development Goals (SDGs) advanced the Millennium Development Goals (MDGs) with 169 detailed targets and more than 200 indicators to address major barriers to sustainable development. Among these goals, food, and agriculture lie at the heart of the agenda associated with ending poverty (SDG 1) and hunger (SDG 2), responding to climate change, and sustaining natural resources [2] .
Water is critical in food production and agricultural practice and thus instrumental in maintaining food security and alleviating poverty [3] . Specifically, water has many uses in agricultural production. It is used to produce and transport energy in different forms throughout the entire 'agri-food' supply chain, such as water storage for irrigation and hydropower generation [4] . Agricultural practices are, thus, critically affected by the availability of water as an input resource via irrigation and drainage systems. According to the Food and Agriculture Organization of the United Nations (FAO) in 1996, approximately 60% of the extra food required to feed the growing population in the future will primarily come from irrigated agriculture [5] . Water infrastructure projects for irrigation and drainage can facilitate agricultural practices and food production and have synergistic impacts on different areas and cross-sectors. For instance, the expansion of irrigated areas has markedly contributed to crop production in many regions, yet it has also resulted in the sharp decline of groundwater levels [6] and the continuous decrease in the discharge of rivers [7] . As a consequence, there is a need to identify the dynamics between these synergies and relevant factors to balance the trade-offs. If we are to achieve SDGs, at least three changes should occur: the development of a nexus conceptual framework [8] , the adoption of new practices by all nations to set them on the pathway to sustainable development, and case comparisons among these nations.
Agricultural issues not only relate to water, but also interconnected with food and energy sectors. All these are set out as three goals (i.e., SDG 2, 6, and 7) in the 2030 SDGs agenda. The rapid spread of green-technology implemented in agriculture in intensively irrigated regions, such as the Ogallala Aquifer area of the central US, has highlighted the interactions among water and energy for agricultural production and food security [9] . There is a growing recognition that water, food, and energy are interlinked and require a systems approach to better understand the interconnections across sectors as a nexus framing [10, 11] . The water-food-energy nexus (WFE) was thus conceived in 2011 in the Bonn 2011 Nexus Conference and has drawn global attention [12] . Since then, increasing studies have been conducted to promote sustainable agricultural systems from different perspectives involving policymakers and the scientific community at different scales [13, 14] . These studies have highlighted the need to consider synergies and trade-offs for more informed decision making. For example, Pittock et al. [15] argued that a nexus approach could be a better cross-sectoral solution to minimize conflicts and realize positive synergies to face climate change in Australia. Other studies linked WFE to other concepts such as livelihood to better promote sustainability [16] . Monblanch et al. [17] used a systems approach combined with scenario analysis to extend WFE to include the broader environmental climate and socio-economic development issues. In addition, WFE has become a buzz word in a number of policy agendas globally and frequently appears in numerous international conferences, such as the decision support report of FAO [18] , the World Economic Forum in 2011, and the Bonn and Nexus 2014 conference (see a synthesis in [11] ). Although the research of WFE has been dramatically developed in the past few years, the area is still in its infancy. In particular, the application and implementation of WFE need to be further explored [8, 11] . In their recent paper, Liu et al. [8] proposed a systematic framework to direct future research of WFE to broaden its scope to involve more sectors, across scales and places, and make closer linkages to the implementation of SDGs. Making such a nexus framing practical in operational matters will require a shift of traditional thinking patterns to systems ones and a social transformation to build up coordinated social institutions that recognize interconnections among systems and policy making as well as politics.
For such a radical change to occur, social systems will need to be transformed. The transformation of social systems is defined as the radical change of a society and its social structure involving various sectors such as energy, water management, and agriculture [19] . Most of these changes are non-linear as the ubiquitous interconnections among systems are represented as complicated dynamics over time and across space [20] . In dynamic change processes, paradigm shifts in policy and management regimes could be critically important [21] , but a recent review of the implementation of SDGs has recognized that policy evaluation is poorly assessed across all countries [22] .
To achieve a sustainable future, every country needs to examine all factors and policy barriers involved in reaching this goal. This task is formidable but both necessary and possible [23] . China is playing a leading role in the sustainability transition, in particular, in the realms of green economy development, energy innovation, and vegetation restoration [24, 25] . China's policy reforms range from agriculture and land use systems to ecological restoration and provide good examples of how a country can transition to a sustainable trajectory through national-scale programs [26] [27] [28] [29] . Synthesizing the historical patterns of interactions between the policy reforms and agricultural systems of China over long timescales can be the key to understanding how today's conditions and problems were created in the past. Studying these historical patterns can help to identify the dynamics and emerging challenges for the sustainability transformation. Given the recent global commitments to SDGs under the UN's Agenda 2030, analyzing how patterns of agricultural systems developed in China is particularly timely.
While several studies have demonstrated the relation between policy changes and the development of agriculture [30] [31] [32] [33] [34] [35] , understanding how policy interacts with agricultural development in China on a national scale is limited. Synthesizing the development patterns will reveal emerging challenges that the agricultural industry, especially irrigation and water conservancy projects (IWCP), faces in China as the country transitions to sustainability. This paper, therefore, seeks to fill this gap in understanding long-term relationships between agricultural irrigation systems and national-scale policy and political reforms. The remainder of the paper consists of five sections. Section 2 explains the methodology of the paper. Section 3 presents an overview of agriculture in China, including urban-rural population growth, climatic conditions, water allocation, and spatial patterns of grain production. Section 4 integrates the evolution patterns of agricultural development and policy-political regimes since 1949 when the People's Republic of China was founded. Section 5 identifies emerging issues that China needs to tackle to make its agriculture practices sustainable, followed by the concluding remarks in Section 6.
Methodology
To reconstruct China's development of IWCP and policy-political changes in history and to identify the emerging issues to tackle, we performed a document-based narrative synthesis to retrospectively synthesize policy and political transformations for the detection of emerging issues facing IWCP. Our synthesis follows the narrative (interpretive) review approach [36, 37] and the knowledge synthesis process for public policy [38] with the use of policy reports, historical documents, and national statistical data. The narrative review process uses storytelling ways to interpret and synthesize information in a qualitative fashion [36] , rather than using historical data to conduct statistical analysis of the correlations. However, we also applied statistical analysis using a piecewise linear regression method to divide the historical patterns of IWCP in combination with document analysis.
More specifically, we first used the National Database from the National Bureau of Statistics of China (http://data.stats.gov.cn/) as the search engine to collect statistical data. We applied "agricultural irrigation" and "water conservancy" (in Chinese) as search strings to retrieve all relevant data about IWCP, and collected a series of policy documents (in Chinese) that related to policy and political changes in history, including the Construction Memorabilia of China [39] , Brief History of China's Agricultural Irrigation and Water Conservancy [40] , and the Chronicle of Events of the People's Republic of China 1949-2019 [41] , as well records obtained from official websites of the Ministry of Water Resources (http://www.mwr.gov.cn/) and the China water-saving irrigation network (http://www.jsgg.com.cn/Index/Index.asp). As a result, a dataset was extracted from a series of the China Statistical Yearbook and the China Water Resources Bulletin. These data represent information about population, climate, agricultural irrigation, and crop areas and yields. We then performed a thematic-based content analysis of the documents to organize policy and political reforms in chronological order. In order to divide the development patterns of IWCP in a more convincing way, we used statistical analysis to investigate relations between crop yields and irrigation areas to identify change points. As interrupted time series data exist for the effective irrigation areas, a piecewise linear regression method, also known as segmented regression, was applied, which is a regression analysis that allows multiple linear models to be fitted to the data. In doing so, the R package "segmented" was used to objectively identify breaking points and fit a linear regression for each segment over the past decades. The new division of the historical development patterns of IWCP was defined along with changes in policy-political regimes. Several emerging issues and legacies were then identified through the synthesis of these data information and policy documents, as well as sociopolitical reforms.
Overview of Agricultural and Rural Development in China

Population Growth in Urban and Rural Areas
A prominent factor affecting China's food security and agricultural practices is population growth. Along with its economic reforms, the country's population growth pattern has shifted in the last decades (See Table S1 , Figure 1 ). The economic reforms and the policy of opening-up implemented in 1978 have expedited urbanization, resulting in urban population growth and rural depopulation [42] . In 2010, the number of people living in cities surpassed that of people living in rural areas. Data indicate that, from 2010 to 2018, the number of urban residents increased from 666 to 831 million (59.6% of the population), while the number of rural residents declined from 674 to 564 million (40.4% of the population) [43] . irrigation areas to identify change points. As interrupted time series data exist for the effective irrigation areas, a piecewise linear regression method, also known as segmented regression, was applied, which is a regression analysis that allows multiple linear models to be fitted to the data. In doing so, the R package "segmented" was used to objectively identify breaking points and fit a linear regression for each segment over the past decades. The new division of the historical development patterns of IWCP was defined along with changes in policy-political regimes. Several emerging issues and legacies were then identified through the synthesis of these data information and policy documents, as well as sociopolitical reforms.
Overview of Agricultural and Rural Development in China
Population Growth in Urban and Rural Areas
A prominent factor affecting China's food security and agricultural practices is population growth. Along with its economic reforms, the country's population growth pattern has shifted in the last decades (See Table S1 , Figure 1 ). The economic reforms and the policy of opening-up implemented in 1978 have expedited urbanization, resulting in urban population growth and rural depopulation [42] . In 2010, the number of people living in cities surpassed that of people living in rural areas. Data indicate that, from 2010 to 2018, the number of urban residents increased from 666 to 831 million (59.6% of the po Rural-urban migration is the major force driving the shift in the population growth pattern and structure. Rural workers migrating to urban cities to seek work are known as rural migrant workers, a special group of people in China now residing in urban areas [47] . According to the China Statistical Yearbook (2018), the number of migrant workers increased to 242 million in 2010 and exceeded 288 million in 2018 (See Table S2 ). These migrant workers are usually young, with more than 54% under 40 [43] . Conversely, those remaining in rural regions tend to be older. These workers prefer to work in farming. As shown in Figure 2 , the older people become, the less they are willing to work in nonagricultural positions. About eighty percent of individuals in rural regions farm locally and, thus, dominate the labor force in the group between the ages of 50 and 59. Twenty-one percent of individuals between the ages of 40 and 49 accepted off-farm employment, while the percentage of those farming locally decreased to 67.2% compared with that of the older group [48, 49] . Rural-urban migration is the major force driving the shift in the population growth pattern and structure. Rural workers migrating to urban cities to seek work are known as rural migrant workers, a special group of people in China now residing in urban areas [47] . According to the China Statistical Yearbook (2018), the number of migrant workers increased to 242 million in 2010 and exceeded 288 million in 2018 (See Table S2 ). These migrant workers are usually young, with more than 54% under 40 [43] . Conversely, those remaining in rural regions tend to be older. These workers prefer to work in farming. As shown in Figure 2 , the older people become, the less they are willing to work in non-agricultural positions. About eighty percent of individuals in rural regions farm locally and, thus, dominate the labor force in the group between the ages of 50 and 59. Twenty-one percent of individuals between the ages of 40 and 49 accepted off-farm employment, while the percentage of those farming locally decreased to 67.2% compared with that of the older group [48, 49] . Modern technologies have reduced the size of the labor force required for agricultural production. However, technology's contributions to large farming and agricultural operations are greater than those to smaller operations, largely because there are fewer incentives to smallholder farmers in terms of the input-output ratio involved with adopting new technologies [50] . In China, many farms are less than an acre in size, so they receive minimum benefit from new technologies, and agricultural irrigation and drainage systems still mainly depend on the labor input of rural areas [51] . As mentioned earlier, the population structure has shifted. Starting in the late 1980s, many rural people moved to urban areas, leaving the older people behind as the main labor input in farming activities. Traditional policies, such as the "Compulsory Labor and Accumulated Labor Institution" (Compulsory labor is responsible for afforestation, flood protection, construction, and maintenance of roads and other infrastructure. Accumulative labor has some overlapping obligations as compulsory labor, for example, accumulative labor involves in afforestation, constructing, and maintaining irrigation infrastructure [52] ), position local people as the key labor force to manage and maintain irrigation and drainage systems. However, these policies are no longer suitable for the new circumstances represented by the changed population structure and the enhanced level of industrialization that brings more employment opportunities.
Climate Conditions and Water Resources
In addition to the changed patterns of population growth and structure, in China, agricultural production and food security are vulnerable to the spatiotemporal variability of climate and the allocation of water resources. In general, precipitation distribution is different in space and time, intensifying the uneven distribution of water resources in the country. The highest variability of rainfall events usually occurs in spring and the most rain falls during summer when plants need water the most. However, summer rainfalls are usually heavy over the East Asian Monsoon region, causing high frequencies of flooding over major river basins. The south and east regions receive more annual precipitation than the north and west because the latter regions are far from the oceans and the southeast monsoon loses much of its moisture by the time it reaches the northern part of the Loess Plateau. According to the China Water Resources Bulletin [53] , in 2016 the sum of surface and groundwater in China was approximately 3246.64 billion m 3 . Eighty-three percent of this total area is in the south, including the Yangtze and Zhujiang River basins and the basins in the southeast and southwest. The rest of the water (17%) is in the north, covering six zones that connect to the Songhua River, Liao River, Haihe River, Yellow River, Huaihe River, and rivers in the northwest. Owing to the Modern technologies have reduced the size of the labor force required for agricultural production. However, technology's contributions to large farming and agricultural operations are greater than those to smaller operations, largely because there are fewer incentives to smallholder farmers in terms of the input-output ratio involved with adopting new technologies [50] . In China, many farms are less than an acre in size, so they receive minimum benefit from new technologies, and agricultural irrigation and drainage systems still mainly depend on the labor input of rural areas [51] . As mentioned earlier, the population structure has shifted. Starting in the late 1980s, many rural people moved to urban areas, leaving the older people behind as the main labor input in farming activities. Traditional policies, such as the "Compulsory Labor and Accumulated Labor Institution" (Compulsory labor is responsible for afforestation, flood protection, construction, and maintenance of roads and other infrastructure. Accumulative labor has some overlapping obligations as compulsory labor, for example, accumulative labor involves in afforestation, constructing, and maintaining irrigation infrastructure [52] ), position local people as the key labor force to manage and maintain irrigation and drainage systems. However, these policies are no longer suitable for the new circumstances represented by the changed population structure and the enhanced level of industrialization that brings more employment opportunities.
In addition to the changed patterns of population growth and structure, in China, agricultural production and food security are vulnerable to the spatiotemporal variability of climate and the allocation of water resources. In general, precipitation distribution is different in space and time, intensifying the uneven distribution of water resources in the country. The highest variability of rainfall events usually occurs in spring and the most rain falls during summer when plants need water the most. However, summer rainfalls are usually heavy over the East Asian Monsoon region, causing high frequencies of flooding over major river basins. The south and east regions receive more annual precipitation than the north and west because the latter regions are far from the oceans and the southeast monsoon loses much of its moisture by the time it reaches the northern part of the Loess Plateau. According to the China Water Resources Bulletin [53] , in 2016 the sum of surface and groundwater in China was approximately 3246.64 billion m 3 . Eighty-three percent of this total area is in the south, including the Yangtze and Zhujiang River basins and the basins in the southeast and southwest. The rest of the water (17%) is in the north, covering six zones that connect to the Songhua River, Liao River, Haihe River, Yellow River, Huaihe River, and rivers in the northwest. Owing to the variations of climate and water distribution, the agricultural zones are divided into three climatic regions: the eastern monsoon, the north-western arid, and the Tibet frigid plateau regions. Although more than 90% of the country's agricultural products are produced in the eastern region [54] , China's agriculture, throughout all of history, has frequently suffered from serious climatic variations. From 206 BC to 1949 AD, more than 1,000 droughts and floods were recorded in China [55] .
Agricultural Irrigation and Spatial Patterns of Grain Production
Of all the industrial sectors in China, the most water-intensive is agriculture, which depends, to a large degree, on irrigation and consumes the largest proportion (more than 60%) of the national water withdrawal. Irrigation underpins agricultural production, particularly in the dry north, which possesses only one-fifth of the water resources but has about two-thirds of the country's croplands [56] . The country's irrigation infrastructure is mainly in the east, covering the northern regions of the Yangtze River in the middle and downstream, with the rest sparsely located in the northeast provinces, the Xinjiang Uygur Autonomous Territory in the northwest and some coastal provinces ( Figure 3 ). To date, areas equipped for irrigation in China have reached 69.9 million hectares, accounting for about 52% of total arable land. From 1949 to 2018, effective irrigation has more than quadrupled, from 15.93 to 68.27 million hectares, and, during the same period, the annual grain production increased from 113.18 to 616.24 million tons [56] . Although the expansion of IWCP has enhanced the capacity of agricultural production to meet the growing demand for food, this development appears unsustainable because of the associated environmental impacts. In the Inner Mongolia Autonomous Region and provinces of Gansu and Hebei, where more than 60% of irrigation relies on groundwater, the depletion of groundwater has sharply reduced the groundwater levels in the last three to four decades [57, 58] . Irrigation has also decreased river discharge in arid and semi-arid regions, while increasing pollutants in rivers and lakes [7] . variations of climate and water distribution, the agricultural zones are divided into three climatic regions: the eastern monsoon, the north-western arid, and the Tibet frigid plateau regions. Although more than 90% of the country's agricultural products are produced in the eastern region [54] , China's agriculture, throughout all of history, has frequently suffered from serious climatic variations. From 206 BC to 1949 AD, more than 1,000 droughts and floods were recorded in China [55] .
Of all the industrial sectors in China, the most water-intensive is agriculture, which depends, to a large degree, on irrigation and consumes the largest proportion (more than 60%) of the national water withdrawal. Irrigation underpins agricultural production, particularly in the dry north, which possesses only one-fifth of the water resources but has about two-thirds of the country's croplands [56] . The country's irrigation infrastructure is mainly in the east, covering the northern regions of the Yangtze River in the middle and downstream, with the rest sparsely located in the northeast provinces, the Xinjiang Uygur Autonomous Territory in the northwest and some coastal provinces ( Figure 3 ). To date, areas equipped for irrigation in China have reached 69.9 million hectares, accounting for about 52% of total arable land. From 1949 to 2018, effective irrigation has more than quadrupled, from 15.93 to 68.27 million hectares, and, during the same period, the annual grain production increased from 113.18 to 616.24 million tons [56] . Although the expansion of IWCP has enhanced the capacity of agricultural production to meet the growing demand for food, this development appears unsustainable because of the associated environmental impacts. In the Inner Mongolia Autonomous Region and provinces of Gansu and Hebei, where more than 60% of irrigation relies on groundwater, the depletion of groundwater has sharply reduced the groundwater levels in the last three to four decades [57, 58] . Irrigation has also decreased river discharge in arid and semiarid regions, while increasing pollutants in rivers and lakes [7] . The spatial patterns of China's grain production are sensitive to not only variations of climate and water distribution but also to land use changes and the massive water projects built for cropping and transportation. In the past, the main crops, including rice and winter wheat, were predominantly produced in southern regions and transported to the north via the Grand Canal (from Hangzhou to Beijing), the construction of which started in 486 BC. The plain located in the middle and middle- The spatial patterns of China's grain production are sensitive to not only variations of climate and water distribution but also to land use changes and the massive water projects built for cropping and transportation. In the past, the main crops, including rice and winter wheat, were predominantly produced in southern regions and transported to the north via the Grand Canal (from Hangzhou to Beijing), the construction of which started in 486 BC. The plain located in the middle and middle-lower streams of the Yangtze River was once the country's core region for grain production [59] . This south-to-north transfer pattern did not shift until the late 1970s, when the 1978 Open Door policy led to a more diverse economy, and core grain-producing regions moved from the provinces of Hunan, Hubei, Guangdong, Zhejiang and Sichuan, and Guangxi Zhuang Autonomous Region in the south to the northeast and west provinces including Heilongjiang, Jilin, Liaoning, and Gansu, as well the Xinjiang Uygur Autonomous Territory. During the same period, coastal regions in the south and east became the key importing provinces [57] . Zhejiang province, where the Grand Canal begins, has now become the second-largest province facing grain shortages, with only 36% grain self-sufficiency [60] .
To improve grain self-sufficiency, several policies and strategies have been implemented at both national and provincial levels since the founding of the People's Republic of China in 1949, including increasing financial investment for innovative farming technologies and improving irrigation and drainage systems. Although improved farming policies and technologies have increased the level of self-sufficiency and growth, the lack of incentives and subsidies for farming, along with the expropriation of farmlands for urban construction, has hampered grain production and agricultural development. Worse still, as a growing number of farmers move to the cities for better housing, education, and other opportunities, the irrigation infrastructure and food supply systems are becoming tenuous and less sustainable. Therefore, there is a need to identify the evolutionary patterns between agriculture and policy reforms to recognize challenges for the sustainability transformation and to find corresponding solutions.
Evolution of Agricultural Irrigation and Policy
Irrigation in China has a long history, which can be traced back to the Qin Dynasty in 256 BC when Dujiangyan was constructed. Previous studies have divided China's historical path of agricultural irrigation into different eras according to levels of societal demand at the time [61, 62] . However, these studies pay little attention to the role of the top-down approach of China's policy-making with its hierarchical and command and control governance system in agricultural development. Therefore, there is a need to reframe the understanding of irrigation development with a specific focus on the paradigm shifts that illuminate the relationship between policy and irrigation development over time.
China's irrigation development is highly influenced by the political and cultural paradigms that govern policy-making and economic planning [63] . In the past six decades, irrigation development in China has undergone different stages, all affected by the policy transitions for rural development and changes in power over management and financial regulation between central and local governments [64] . In this section, we track historical records on policy reforms and changes in China since 1949. We also provide data about irrigated areas and crop yields, which we collected from the To divide the evolution patterns in a more effective manner, we also perform a statistical analysis of the data using a piecewise linear regression method to estimate the change points (Figure 4) . It is not surprising to see the concurrent growth of the effective irrigation area and grain production due to the increasing demands caused by the population explosion since the 1950s. While fluctuations are seen since the establishment of the People's Republic of China in 1949, the general rising trend in both effective irrigation area and crop production is demonstrated by the national statistical data. There is a high correlation (0.955, p-value = 2.2 × 10 −16 ) between the effective irrigation area and crop yield from 1949 to 2018. This is because of the multi-decadal rising trends of both quantities of the two. Among all factors that affect crop yields, it is believed that an effective irrigation area plays a role in crop production while other factors such as agricultural policies, the area of farmlands, and political circumstances have critically contributed to grain production in China. A more meaningful way to analyze the time series of the effective irrigation area and grain production is to investigate the variation of their growth trends due to changes in policy-political regimes and economies. The results shown in Figure 4 It is not surprising to see the concurrent growth of the effective irrigation area and grain production due to the increasing demands caused by the population explosion since the 1950s. While fluctuations are seen since the establishment of the People's Republic of China in 1949, the general rising trend in both effective irrigation area and crop production is demonstrated by the national statistical data. There is a high correlation (0.955, p-value = 2.2 × 10 −16 ) between the effective irrigation area and crop yield from 1949 to 2018. This is because of the multi-decadal rising trends of both quantities of the two. Among all factors that affect crop yields, it is believed that an effective irrigation area plays a role in crop production while other factors such as agricultural policies, the area of farmlands, and political circumstances have critically contributed to grain production in China. A more meaningful way to analyze the time series of the effective irrigation area and grain production is to investigate the variation of their growth trends due to changes in policy-political regimes and economies. The results shown in Figure 4 
Era 1 (1949-1957): Early Period of Irrigation Development
With the founding of the People's Republic of China in 1949, the country entered the post-war period during which politicians used policy reforms and economic development to consolidate their political power. At this stage, the national policy agenda's priority was to satisfy people's physiological needs for food, shelter, and clothing. As party leaders focused on the recovery of the country's socioeconomic systems, agricultural development was pivotal. From 1952 to 1956, the central government issued a series of policies and plans. The key movements during this period included the National Development Plan for Agriculture, Agricultural Cooperatives and Collectivization, and the decision to organize local people to construct a series of small IWCP, including small reservoirs, ditches, canals, and wells. At the same time, critical transitions in agricultural production occurred as a result of land ownership and production patterns known as the 'land revolution' and 'agricultural cooperatives movement.' In these movements, individual farmers were progressively organized into people's communes in the form of cooperatives and collectives. These efforts significantly improved the coverage of irrigation and drainage systems throughout the country. According to the China Water Statistical Yearbook 1999 [65] , the effective irrigated areas increased from 15.93 million hectares in 1949 to 27.34 million hectares by the end of 1957. The grain output also reached 195.05 million tons in 1957, 81.87 million tons higher than it had been in 1949 (See Table S4 ).
Era 2 (1958-1979): Unsustainable Expansion and Sociopolitical Interruptions
During this era, the reforms of national policy for economic development and sociopolitical interruptions were instrumental in developing the agricultural irrigation system. From 1958 to 1961, the enforcement of the Great Leap Forward policy and the incremental introduction of agricultural collectivization expanded the agricultural irrigation system. As shown in Figure 4 , in 1960 the effective irrigated areas in China reached 35.08 million hectares, an increase of 7.74 million hectares from 1957. However, most of these irrigation projects were poorly planned and built without input from professional engineers with disastrous consequences for the economy and society [66] , illustrated by a collapse in grain production and the Great Famine [67] .
When the Great Proletarian Cultural Revolution was launched in 1966, most economic activities were suspended for the 'revolution' and the development of IWCP was halted until 1970. In the post-revolution period, a series of policies and decisions were made to offset the negative effects of sociopolitical instability. When it came to the agricultural system, the government's main task was to complete the stagnated infrastructure and improve irrigation facilities in irrigated areas. Benefiting from policy reforms, after 1971, the irrigation system continuously developed. Between 1972 and 1976, the effective irrigated areas experienced a clear increase, even though the north suffered a severe drought period starting in 1972. In response to the drought, the central government allocated resources to 17 provinces in the north to install pump wells for agricultural irrigation. As a result, the number of wells increased from 1 million in 1972 to 2.29 million in 1980. In 1976, the country's effective irrigated areas reached 44.98 million hectares, with wells responsible for 8 million. Meanwhile, the output of grains increased to 286 million tons in 1976 and to 332.12 million tons by the end of 1979 (See Table S4 ).
Era 3 (1980-2004): Gradual Development and Water-Saving Irrigation
With the implementation of the Open Door policy in 1978, China entered a new stage when industrialization was emphasized as the main mission of economic development in the 1980s. A new policy, known as the Household Responsibility System, was initially directed to agricultural activities in 1979, which led to major changes in agricultural production and operation. However, the changes made only modest contributions to the development of agriculture and, at the same time, reduced investment in agricultural irrigation. According to the China Water Statistical Yearbook 1979 Yearbook , 1985 , from 1979 to 1985, the effective irrigated areas declined from 45 million hectares to 44.04 million hectares.
During this period, the irrigation system was confronted with many problems, such as a lack of maintenance and farmland conversion for industrial and urban development.
Other reforms took place in the 1980s and 1990s. In the mid-1980s, the water-saving irrigation system was transformed with technical innovations. Between 1980 and 1991, the government established new policies that affected irrigation, including the Compulsory Labor and Accumulated Labor Institution, and reforms of the taxation system. These policies directed resources into maintaining and managing rural irrigation systems and reforming the taxation system for rural areas. The government also embarked on a reform of water use policy to address conflicting water use between industry and agriculture, as well as between urban and rural areas. As a result, from 1980 to 2004 the irrigated areas gradually increased from 44.89 million to 56.25 million hectares (See Table S4 ). However, because agricultural workers and farmers take time to adapt to technical innovations, crop yields fluctuated during this period. In addition to emphasizing irrigation's sustainability, these initiatives included strategies to construct water-saving infrastructure for medium to large irrigated areas, to develop demonstration projects for water-saving irrigation, to set quotas for utilization, to monitor plans to limit water use, to prevent and control agricultural non-point source pollution, and to rapidly transform agricultural production from one that consumes nonrenewable resources to one based on sustainability. These policy reforms have contributed to two changes: the rapid development of agricultural irrigation and the transition of agriculture to a sustainable industry.
To date, over 300 counties have been developed under the core water-saving irrigation program, and 18 cities have been assigned to be demonstration areas for water-saving irrigation. Over the past decade, the effective irrigated areas have expanded by more than 10 million hectares, and, in 2018, it increased to 68.27 million hectares (See Table S4 ), half of which were based on water-saving irrigation projects. Similarly, from 2003 to 2018, the output of grains improved from 430.70 to 657.89 million tons. In its recent plan (National Agricultural Sustainable Development Plan, 2015-2030), the Chinese government aims to increase the proportion of water-saving irrigation areas to 75% of the total effective irrigated areas and the level of water use efficiency for irrigation to at least 0.6 by the end of 2030.
Emerging Issues in the Process of Transformations
China's history of agricultural irrigation illustrates the government's gradual awareness of the need for sustainable water use in agricultural production. However, a number of issues and legacies are emerging that could hamper the sustainable development of agriculture [69] . In this section, we identify, based on the statistical data, four emerging issues that have to be overcome. They are (1) problems with the financial policy coordination between central and local governments; (2) the lack of incentives for farmers to construct and maintain irrigation infrastructure; (3) conflicts between the decentralized operation of land and benefits from shared irrigation infrastructure; (4) deterioration of small-scale irrigation infrastructure calls for actions.
Problems with Financial Policy Coordination between Central and Local Governments
China's reforms of its fiscal and tax system began in the early 1980s. These reforms had significant impacts on agricultural development because investment in IWCP is a key part of the central government's fiscal budget [70] . Yet the reform of the financial system changed rules of budgeting and revenue allocation and obscured the accountability of allocating public finance between central and local governments.
As illustrated in Figure 6 , China's fiscal system before the Open Door policy had been highly centralized, with the revenue collected and allocated by the central government [70, 71] . In 1980, the Chinese government started to reform this traditional fiscal system, aiming to decentralize power to provincial and local governments [72] . When the reforms began, the central government made a major effort to create a contracting system that encouraged provincial and local governments to develop a regional economy and empowered them to collect and allocate revenues. However, the contracting system reduced the central government's revenues, resulting in less investment for IWCP. [70] . Yet the reform of the financial system changed rules of budgeting and revenue allocation and obscured the accountability of allocating public finance between central and local governments. As illustrated in Figure 6 , China's fiscal system before the Open Door policy had been highly centralized, with the revenue collected and allocated by the central government [70, 71] . In 1980, the Chinese government started to reform this traditional fiscal system, aiming to decentralize power to provincial and local governments [72] . When the reforms began, the central government made a major effort to create a contracting system that encouraged provincial and local governments to develop a regional economy and empowered them to collect and allocate revenues. However, the contracting system reduced the central government's revenues, resulting in less investment for IWCP. Figure 6 . Changes in central and local financial revenue and investment in agricultural irrigation and water conservancy from 1950 to 2018 [73, 74] .
In 1994, the central government started to shift its policy to create a 'tax assignment system.' The new system recalled a portion of the power that had been given to provincial and local governments. The aim was to 1) simplify the tax structure through reducing tax categories and rates, 2) raise the central-to-total revenue ratio, and 3) shift the negotiation of general revenues to a tax assignment system [43] . The reformed fiscal system narrowed the gap of revenue allocation between the central and local governments.
Although the reform of the fiscal and tax systems in the 1990s partially returned financial power from local governments to the central government, the accountability for investment in IWCP was not clarified. Local governments still mainly invested in constructing and managing IWCP, leading to ambiguity about accountability and financial rights between central and local governments [75] . Recognizing this issue, the central government started to issue subsidies to local governments in 2003. In 1994, the central government started to shift its policy to create a 'tax assignment system.'
The new system recalled a portion of the power that had been given to provincial and local governments. The aim was to (1) simplify the tax structure through reducing tax categories and rates, (2) raise the central-to-total revenue ratio, and (3) shift the negotiation of general revenues to a tax assignment system [43] . The reformed fiscal system narrowed the gap of revenue allocation between the central and local governments.
Although the reform of the fiscal and tax systems in the 1990s partially returned financial power from local governments to the central government, the accountability for investment in IWCP was not clarified. Local governments still mainly invested in constructing and managing IWCP, leading to ambiguity about accountability and financial rights between central and local governments [75] . Recognizing this issue, the central government started to issue subsidies to local governments in 2003. The subsidies allocated by the central government to small-scale IWCP in 2005 totaled 300 million Chinese Yuan (See Table S6 ), accounting for less than 0.1% of the fiscal expenditure budget for the year. This proportion of investment is much lower than that of 1.87% in 1980 [73, 74] . Although the subsidies were increased to 4.5 billion Yuan (0.59% of the fiscal expenditure budget) in 2009 [43] , they are still insufficient to meet the growing farming demands for IWCP construction.
To overcome problems with policy coordination between governments, a multi-level governance system with clearer financial accountability is required, along with policy reforms clarified to governments at all levels. A multi-level governance system, which refers to a cooperative governance system that involves different governance actors on different levels of society to deal with common properties [76] , should be introduced to facilitate the coordination between governments and among local farmers, other stakeholders, and government agencies. Although it may be challenging when such a governance system is implemented in the Chinese context, it has become a need and is both appropriate and feasible as argued in recent papers by Ongaro et al. [77] and others [78] . Building a multi-level governance system needs to consider issues relevant to horizontal and vertical coordination among actors, which means that actors should be able to cooperate within the same level and across different administrative and jurisdictional scales. This can be promoted by increasing participation and collaboration of diverse actors, improving accountability, enhancing leadership, and creating networks for collective actions at different levels. At the horizontal level, for example, diverse actors with different skills and resources and cross-sectoral stakeholders such as farmers, private firms, nonprofit organizations, and governmental agencies should be encouraged to participate in the management activities to improve the effectiveness of the implementation of policies. Vertically, actors at both bottom and upper levels should interact through negotiations and cooperation processes via network and leadership groups to ensure a better distribution of responsibilities and resources. For instance, the shared proportion of investment may be adopted by governments at all levels to clarify the financial accountability ensuring the efficiency of investment for IWCP.
The central government should be largely accountable for the investment in IWCP, while the other accountabilities should be proportionally shared by local governments according to the tax revenue as a percentage of gross domestic product (GDP). Both central and local governments should continue to implement and raise subsidies to support farmers to construct and maintain IWCP. Given that most small irrigation systems in China are non-profit and serve as public infrastructure for local farmers, government subsidies should be prioritized for small-scale IWCP operated by and beneficial for local individuals and groups of farmers.
Lack of Incentives for Farmers to Construct and Maintain Irrigation Infrastructure
Since 1949, the construction and maintenance of IWCP in China have mainly relied on the labor of local farmers. However, this operation pattern is no longer suitable for the changed socioeconomic circumstances. Farming activities comprise increasingly smaller portions of household incomes. According to [79] , farmers' earnings from irrigation farming activities are now marginal and far lower than wages earned from off-farm employment. It is thus not surprising that farmers are no longer motivated to construct and maintain irrigation infrastructure.
Opportunities for off-farm employment have increased as the economy has strengthened. Figure 7 demonstrates that off-farm employment has become the main source of farmers' incomes in rural areas, and the proportion of non-farm earnings rose to 41.02% in 2018 from 18.15% in 1985. The proportion of agricultural incomes has dropped from 74.44% in 1985 to 26.61% in 2012 [44] [45] [46] , illustrating that agricultural production has contributed less and less to farmers' incomes over the decades. The increased earnings from off-farm work and changed income composition demotivate farmers to construct new irrigation infrastructure and maintain the existing systems for cropping. Figure 7 . Per capita wage income and agricultural income from 1985 to 2018 [44] [45] [46] .
In addition to job opportunities off the farm, the lack of efficient policy support and economic incentives reinforces farmers' negative attitudes towards agriculture. In the 1990s, the central government legislated the Compulsory Labor and Accumulated Labor Institution, which successfully organized local farmers to construct and maintain IWCP [80, 81] . However, this institution was abolished in 2003 when the government enacted its rural tax reform known as the Tax-for-Fee Reform [82] . Although these reforms have eased farmers' burden, insufficient economic incentives and ineffective policy remain, making local government less powerful in organizing farmers to manage irrigation systems. Although, since 2003, the government has started to increase financial support for small IWCP, losses caused by the decline in labor input from local farmers cannot be offset by increased financing.
For farmers to be motivated to return to their work on IWCP, co-management between local farmers and governments needs to be more efficient. Top-down and centralized management has been viewed as an ill-suited manner to user participation [83, 84] . Participatory planning and comanagement have emerged to be the core for stakeholders and communities to participate in the decision-making processes. Although participatory approaches have also been introduced into Chinese development practice and research in recent years [85] , this planning technique is still poorly implemented, especially in rural and countryside regions, for issues and conflicts related to agriculture and farmers. The core of co-management between government and local farmers is power-sharing [86] , which requires the sharing of power and responsibility between the government agencies and local farmers. This co-management usually needs to be secured by reliable partnerships in which social trust has been built among government agencies, local communities, and stakeholders. In China, such social trust is rarely established. To improve the bonding relationships for effective co-management practices, bridging organizations such as non-government and nonprofit social groups would play a critical role. For IWCP of China, co-management practices should be set up to include and bridge organizations [83] , such as local non-profit groups like the Water Users Association. Although participatory irrigation management was introduced to China in the 1990s, through the establishment of the Water Users Associations, the roles these organizations play in constructing and managing IWCP need to be acknowledged and further strengthened through sufficient financial and policy support [87] . For example, the central government could issue supportive policies and provide financial compensations for the local non-profit organizations to organize farmers working on managing IWCP and farming activities.
Disparity between the Decentralized Operation of Land and Shared Irrigation Systems
Since the Open Door policy was launched in 1978, China has initiated multiple policy reforms, among which Rural Land Reform was introduced in 1979 to deal with food shortage crises. The traditional collective-farming policy was then replaced by the Contract Responsibility System characterized by decentralized agricultural production and the operation pattern for farmlands, In addition to job opportunities off the farm, the lack of efficient policy support and economic incentives reinforces farmers' negative attitudes towards agriculture. In the 1990s, the central government legislated the Compulsory Labor and Accumulated Labor Institution, which successfully organized local farmers to construct and maintain IWCP [80, 81] . However, this institution was abolished in 2003 when the government enacted its rural tax reform known as the Tax-for-Fee Reform [82] . Although these reforms have eased farmers' burden, insufficient economic incentives and ineffective policy remain, making local government less powerful in organizing farmers to manage irrigation systems. Although, since 2003, the government has started to increase financial support for small IWCP, losses caused by the decline in labor input from local farmers cannot be offset by increased financing.
For farmers to be motivated to return to their work on IWCP, co-management between local farmers and governments needs to be more efficient. Top-down and centralized management has been viewed as an ill-suited manner to user participation [83, 84] . Participatory planning and co-management have emerged to be the core for stakeholders and communities to participate in the decision-making processes. Although participatory approaches have also been introduced into Chinese development practice and research in recent years [85] , this planning technique is still poorly implemented, especially in rural and countryside regions, for issues and conflicts related to agriculture and farmers. The core of co-management between government and local farmers is power-sharing [86] , which requires the sharing of power and responsibility between the government agencies and local farmers. This co-management usually needs to be secured by reliable partnerships in which social trust has been built among government agencies, local communities, and stakeholders. In China, such social trust is rarely established. To improve the bonding relationships for effective co-management practices, bridging organizations such as non-government and non-profit social groups would play a critical role. For IWCP of China, co-management practices should be set up to include and bridge organizations [83] , such as local non-profit groups like the Water Users Association. Although participatory irrigation management was introduced to China in the 1990s, through the establishment of the Water Users Associations, the roles these organizations play in constructing and managing IWCP need to be acknowledged and further strengthened through sufficient financial and policy support [87] . For example, the central government could issue supportive policies and provide financial compensations for the local non-profit organizations to organize farmers working on managing IWCP and farming activities.
Since the Open Door policy was launched in 1978, China has initiated multiple policy reforms, among which Rural Land Reform was introduced in 1979 to deal with food shortage crises. The traditional collective-farming policy was then replaced by the Contract Responsibility System characterized by decentralized agricultural production and the operation pattern for farmlands, allowing households to contract land, machinery, and other facilities from collective organizations [88] . Under this system, farmers were allowed to produce crops by themselves and freely dispose of surplus production over the collective quotas [89] . The institutional reform of agricultural production significantly raised farmers' willingness to produce greater yields.
However, decentralized land and agricultural production caused a disparity between the benefits farmers gained from the operation and their obligations to maintain shared irrigation infrastructure. In many parts of the country, 'free-rider' problems exist in agricultural irrigation production. The reasons for this problem are two-fold. First, irrigation systems built under the collective-farming policy in previous periods are regarded as public facilities from which nobody can be excluded and which can be freely used by all farmers. Although farmers take the benefits of using the infrastructure for granted, they often neglect to pay more than they have to for the management of this public facility. Second, the lands reassigned to each household from the originally collectively-owned lands are relatively small. The average area of croplands per household in recent years has been about 0.5 hectares [79] . Farmers are thus less likely to be incentivized to pay extra for the maintenance of the shared irrigation infrastructure.
In addressing the disparity between the decentralized operation of land and the shared benefits of irrigation systems, further reinforcement of land transfer and circulation policy, as well as moderate-scale agricultural operations are needed. We suggest that regulation reforms be undertaken to diversify the operation and management patterns of farmlands. These reforms need to empower farmers with the right to transfer their contracted land in different ways under the regulations and to encourage smallholder farmers to develop eco-agriculture projects, such as green agriculture and agri-tourism businesses. These transformations of operational patterns would potentially increase farmers' income levels, thereby motivating them to develop and manage IWCP.
Deterioration of Small-scale Irrigation Infrastructure Calls for Actions
As technology has developed and the economy has expanded, much of China's irrigation infrastructure has improved. The current irrigation infrastructure is comprised of large programs and sturdily built of concrete, iron, and tubing materials. Although modernized engineering technology has benefited medium to large irrigation projects, it has not helped bolster small-scale irrigation infrastructure, which in many parts of China is deteriorating. Most irrigation infrastructures, particularly small irrigation systems built before 1980, were constructed by untrained local farmers using low-quality materials such as mud, stones, and a mixture of sand, water, lime, and cement [90] . An increasing number of small-scale irrigation systems are aging and no longer in service because they have not been maintained. They require reconstruction or renovations to secure food and water systems. Since the construction of IWCP is transitioning from a labor-intensive to capital-intensive activity with no more than 10% of labor input [91, 92] , there is a clear and urgent need for governments to increase investment in producing capital to overcome the problems of aging infrastructure.
Conclusions
China has been confronted with many challenges associated with water and food. Safeguarding irrigation and water conservancy projects for agricultural development is a pathway to solve its water and food insecurity and is essential for achieving the SDGs that require contributions from all nations. The agricultural and water policies of China in the past decades have largely relied on land reforms and the construction of irrigation and drainage systems. These reforms and infrastructure have significantly contributed to the dramatic growth of the economy and social welfare. However, rather than being developed steadily, China's irrigation systems and agriculture have been frustrated with changes in policy-political regimes. This paper has provided an overview of the historical paradigm shifts of agricultural IWCP and policy in China using a document-based narrative synthesis approach. The evolution of IWCP and policy regimes were divided into four eras through a mixed method that combines document analysis and piecewise linear regression: (1) the early post-war development period (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) , during which policy reforms and economic development were implemented to consolidate political power; (2) the period of unsustainable expansion and sociopolitical interruptions ; (3) the period of gradual development when water-saving irrigation policies and strategies were introduced; and (4) the transformation period (2005-present) during which sustainable irrigation and agricultural development were emphasized. The historical evolution of China's agricultural irrigation development and changes in policy paradigms illustrate the government's growing awareness that sustainability of water use is critical in its agricultural practices.
However, as the government transforms IWCP, the legacies from the inappropriate policies of the 1960s and 1970s, such as the Great Leap Forward and Cultural Revolution, have emerged as urgent issues to be tackled, including deteriorating infrastructure, conflict between the benefits and obligations related to irrigation facilities, and financial policy coordination between different levels of government. In addressing these challenges, policy changes are needed to clarify the financial accountability of the government at all levels, to raise subsidies for the construction and management of small-scale IWCP, and to establish local non-profit organizations to enhance co-management between farmers and government.
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